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ABSTRACT
Air quality in urban areas is degraded by locally emitted aerosols and gaseous
precursors as well as aerosols that have been transported from other areas. Increased
amounts of particulate pollutants are associated with respiratory and cardiac ailments
as well as adverse birth outcomes. Aerosols also have an important impact on the
Earth's climate via direct and indirect effects. However, there is large uncertainty
in how much of an impact aerosols actually have. The work presented here uses the
optical properties of urban aerosols to create a new tool which has the potential to
be used to differentiate aerosol source, as well as understanding the impact pollution
has on the climate.
The Cloud and Aerosol Spectrometer with Polarization (CASPOL) was operated
in the field for the first time as a part of NASA's Deriving Information of Surface
Conditions from Column and Vertically Resolved Observations Relevant to Air Quality
(DISCOVER-AQ). The CASPOL was mounted on top of the 70 meter tall Moody
Tower and took continuous samples during the month of September 2013. Aerosol
sources can be distinguished using the CASPOL data. When aerosol concentrations
are greater than 100 L−1, the CASPOL can distinguish aerosol source with only
approximately one hour of data. Thus the CASPOL can be used as an air quality
monitoring and diagnostic tool as it can determine aerosol source in near real time.
To better understand the impact pollution has on the Earth's climate, soot was
generated in our laboratory and the optical properties were examined. Also, soot
was used to generate ice crystals in the Texas A&M University Continuous Flow
Diffusion Chamber (CFDC) which was used in conjunction with the CASPOL to
measure the optical properties of ice nucleated on soot. The optical properties of
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freshly emitted soot were highly variable, but this could be caused to a sampling
error which occurred. The CASPOL was able to distinguish between ice that was
nucleated heterogeneously on soot and ice that was nucleated heterogeneously on
mineral dusts, and homogeneously nucleated ice. Thus the CASPOL can help in the
understanding of pollutions direct and indirect impacts on climate.
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1. INTRODUCTION
The types of aerosols encountered in an urban area are extremely diverse because
urban areas are impacted by biogenic, anthropogenic, local, and transported aerosols.
The local aerosols in many urban areas consist of mostly black carbon particles, which
are formed in the combustion processes (Bond et al. 2013). Secondary organic aerosols
(SOA) are another type of local aerosol found in urban areas. SOA are formed by
gas-to-particle partitioning of volatile organic compounds (VOCs) which are released
by biogenic and anthropogenic sources (Seinfeld and Pandis 2006). Transported
aerosols consist of mineral dusts, sea salt, smoke from biomass burning, pollen, and
other biogenic particles (Fulton 1966; Hirst and Hurst 1967; Seinfeld and Pandis
2006; Attwood and Greenslade 2011). Both local and transported aerosols may have
a negative impact on human health and the Earths climate.
Human health is impacted adversely by particulate matter. Many studies have
shown that long term exposure to high concentrations of particulate matter, especially
those particles with diameters less than or equal to 2.5 µm (PM2.5) and particles with
diameters less than 10 µm (PM10), can cause respiratory and cardiac illnesses, and
cause adverse birth outcomes (Schwartz 1993; Brunekreef and Forsberg 2005; Dominici
et al. 2006; Sapkota et al. 2010; Savitz et al. 2014; Wu et al. 2014; Rappazzo et al.
2014). Particulate matter is monitored across the United States by the Environmental
Protection Agency (EPA). In 2012, the EPA set more stringent National Ambient
Air Quality Standards (NAAQS) for particulate matter. For PM2.5, the standard is
35 µg/m3 for any 24-hour period and for PM10 the standard is 150 µg/m
3 for any
24-hour period. Because particulate matter has a negative impact on health, it is
becoming extremely important to consistently monitor particulate matter and to
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provide accurate air quality forecasts to officials and the general public so they can
take appropriate measures. Further, aerosol source is important because the size,
morphology, and composition of an aerosol can vary greatly depending on its source
(Steerenberg et al. 2006).
While the aerosol loading in urban environments is dominated by soot particles,
transported aerosols also contribute to the total urban aerosol concentrations. A
commonly transported aerosol, mineral dust, can have lifetimes of up to a week and
can be transported significant distances, especially particles with a diameter of 10
µm or less (Attwood and Greenslade 2011). Mineral dusts that have a diameter
larger than 10 µm are more susceptible to removal by deposition processes. Mineral
dust causes a net cooling effect of approximately -0.1 Wm−2 (IPCC 2013), and it
contributes to around 45% of the total aerosol mass loading (Caquineau et al. 2002).
The transportation of dust is also vitally important in providing micro-nutrients to
the oceans (Duce and Tindale 1991; Uematsu et al. 2003). Natural occurring aerosols
can also affect Earths radiative budget indirectly via cloud processes. It has been
shown that mineral dusts can act as CCN (Yin et al. 2002; Koehler et al. 2009b) and
IN (Chen et al. 1998; DeMott 2003; Kanji and Abbatt 2010; Glen and Brooks 2014).
In addition, pollen can act as CCN at low supersaturations (Pope 2010; Griffiths
et al. 2012), as well as IN at relatively warm temperatures (Diehl et al. 2001, 2002;
von Blohn et al. 2005).
Most air quality forecasts are produced by coupling a meteorological model and
a chemical transport model. One example of a model is the Weather Research and
Forecasting model with Chemistry (WRF/Chem) with the Model of Aerosol Dynam-
ics, Reaction, Ionization, and Dissolution (MADRID) (known as the WRF/Chem-
MADRID) (Zhang 2004; Zhang et al. 2010a,b). The WRF/Chem-MADRID and
other air quality forecast models do not always capture particulate matter concen-
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trations accurately (Chuang et al. 2011; Zhang et al. 2012, 2013; Yahya et al. 2014)
The difference between the forecasted concentrations and actual concentrations can
be attributed to uncertainties of emissions of both gaseous precursors and primary
particles, meteorological conditions, and chemical reactions (Chuang et al. 2011;
Zhang et al. 2013; Yahya et al. 2014). Other methods used in air quality forecasting
includes statistical regression models (Huang and Smith 1999; Guldmann and Kim
2001; Bordignon et al. 2002), neural networks (Kolehmainen et al. 2001; Nagendra and
Khare 2006), case-based reasoning (Kalapanidas and Avouris 2001), and classification
and regression trees (Briggs et al. 2000; Barrero et al. 2006) have all been used. Most
of these other means of forecasting have only forecasted gaseous constituents. One
exception is neural networks, which have shown promise in their ability to forecast
particulate matter (Brunelli et al. 2007; Voukantsis et al. 2011). However, all of
these methods of air quality forecasting provide only the concentrations of particulate
matter and not the composition or the source of the particles.
Aerosols are very important to the Earths climate. Anthropogenic atmospheric
aerosols can affect the Earths radiation budget by as much as -1 Wm−2 (IPCC 2013).
In a polluted urban environment, a large fraction of the ambient aerosols will be soot
particles, which do not have a long lifetime (Bond et al. 2013). Soot particles are
highly absorptive and cause a net warming effect in the atmosphere of approximately
0.64 Wm−2 (Jacobson 2001; IPCC 2013). Because soot is so highly absorptive, it
can effectively reduce the photolysis rate of NOx. A reduction in the photolysis
rate can reduce the formation of ozone by as much as 24 ppbv (Dickerson et al.
1997). However, this relationship between soot and ozone can be complicated by the
composition of the soot particle as well as any coatings the soot particle has accrued
(Hansen et al. 2000; Jacobson 2001, 2006). Ozone can undergo chemical reactions
that create the products that condense onto the soot particle. For example, recent
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laboratory measurements found that the ozone and α-pinene reaction occurs much
faster than once thought (Ma et al. 2013). This reaction forms products which coat
soot particles on the order of hours. Coated soot particles have different optical
properties then un-coated soot particles (Bond et al. 2006; Khalizov et al. 2009, 2013;
Adachi and Buseck 2013; Lan et al. 2013; Wang 2013). Some coated soot particles
are not as highly absorbing as they were when they originated (Adachi and Buseck
2013; Lan et al. 2013; Wang 2013). Because these coated soot particles are not as
absorptive, they no longer have much of an impact on photolysis rates and remove
less ozone. However, soot particles coated in non-absorbing material will actually
be more absorbing than fresh soot (Bond et al. 2006), and thus will decrease the
photolysis rate of NOx even more. Aged soot particles can also affect the Earths
radiative budget indirectly. Un-coated soot is hydrophobic, but studies have shown
that the aging process makes soot more hydrophilic and that these aged and coated
soot particles can act as cloud condensation nuclei (CCN) (Kotzick and Niessner
1999; Lary et al. 1999; Decesari et al. 2002; Zuberi et al. 2005; Koehler et al. 2009a;
Khalizov et al. 2009, 2013) and ice nuclei (IN) (DeMott et al. 1999; Gorbunov et al.
2001; Koehler et al. 2009a). The optical, physical, and chemical properties of aged
soot particles are areas that need to be researched further.
Because of aerosols ability to affect the climate, it is vital to understand how
they scatter light. Light scattered by spherical particles in the atmosphere can be
calculated by Lorenz-Mie theory, but Lorenz-Mie theory is only valid for spherical
particles (Bohren and Huffman 2008; Morgan et al. 2010). All of the aforementioned
aerosols: soot, mineral dust, pollen, and other biological aerosol are non-spherical
particles. Particle size, composition, age, shape, morphology, refractive index, num-
ber concentration, and size distributions all effect aerosol optical properties. This
greatly increases the complexity of modeling the scattering properties of non-spherical
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particles. There are multiple approaches to modeling the scattering properties of
non-spherical properties. The T-Matrix (Mishchenko et al. 1997), Discrete Dipole Ap-
proximation (DDA), and Improved Geometric Optics Methods (IGOM) are methods
that can be used to model the optical properties for particles with specified geometries
(Bi et al. 2009). These methods make broad approximations, but are more precise
then Lorenz-Mie theory which can only be used to represent spherical particles.
There have been many studies that investigate the in-situ optical properties
of non-spherical particles; however, these properties are usually determined for an
ensemble of particles (Arakawa et al. 1998; West et al. 1997; Curtis et al. 2008;
Attwood and Greenslade 2011). Glen and Brooks (2013) measured the single particle
optical properties of thirteen different dusts over a scattering angle of 4◦ to 12◦ in
the forward direction and 168◦ to 176◦ in the backwards direction using the Cloud
and Aerosol Spectrometer with Polarization (CASPOL). This instrument was also
able to measure the perpendicular polarization in the backwards direction. With this
instrument, Glen and Brooks were able to calculate a depolarization ratio, which can
be used to differentiate spherical particles from non-spheres (Sassen 1991; Mishchenko
et al. 1997). They found that the backscatter and polarized backscatter intensities
varied with particle size for all thirteen dust types, and using a new optical signature
method, they were able to classify twelve of the thirteen dusts into three distinct
groups.
The Cloud Aerosol Spectrometer with Depolarization (CASPOL) is a newly
developed aerosol optical properties instrument developed and manufactured by
Droplet Measurement Technologies and is being tested in our laboratory at Texas
A&M University (Glen and Brooks 2013, 2014). The CASPOL could potentially
be used to determine aerosol source and composition as well as aid in short-term
air quality forecasting. It can also be used to help quantify the direct and indirect
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impacts aerosols have on the Earth’s climate. In this study, the potential for the
CASPOL to be implemented as an air quality monitoring and diagnostic tool by
differentiating between various atmospheric particle types and sources will be fully
tested.
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2. THE CLOUD AND AEROSOL SPECTROMETER WITH POLARIZATION
The Cloud and Aerosol Spectrometer with Polarization (CASPOL) is a new optical
particle counter (OPC) developed by Droplet Measurement Technologies (DMT) and
tested in our laboratory at Texas A&M University (Glen and Brooks 2013, 2014). This
instrument has the forward scattering and backward scattering detection capabilities
of DMT’s Cloud and Aerosol Spectrometer (CAS) sensor of the Cloud Aerosol and
Precipitation Spectrometer (CAPS) (Baumgardner et al. 2001, 2011), but has two
additional capabilities that the CAPS instrument does not. The first additional
capability is that the CASPOL has an additional detector in the backwards direction
that can measure the perpendicularly polarized backscatter intensity. Secondly, the
CASPOL measures optical properties on a particle-by-particle basis.
In order to measure the light scattered by aerosols, the CASPOL uses a linearly
polarized laser at a wavelength of 680 nm. As seen in Figure 1, there are a total of four
detectors in the instrument; two in the front, and two in the back. In the forwards
direction there is a qualifying detector and a forward scatter detector. The qualifying
detector allows any particle that passes within 0.75 mm of the center of the laser beam
to be measured for a large size range of particles from 0.6 to 50 µm. The forward
scatter detector calculates the diameter of each particle using Mie theory. In the
backwards direction there is a detector that measures the backscatter intensity and
another detector that measures the perpendicularly polarized backscatter intensity.
The forward detectors have collection angles of 4 ◦ to 12 ◦, and the backward detectors
have collection angles of 168 ◦ to 178 ◦. It is important to note that the diameter
that the CASPOL measures is the water equivalent diameter and not the geometric
diameter. Thus, in this manuscript the term diameter will be used to refer to the
7
water equivalent diameter.
Figure 2.1: A schematic of the CASPOL instrument adapted from the DMT
DMT Manual (2011).
The CASPOL is unique among optical particle counters because of the perpendic-
ularly polarized backscatter detector and because it can measure optical properties on
a particle-by-particle basis. A depolarization ratio (δ) can be defined using the per-
pendicularly polarized backscatter (β⊥) and the perpendicularly polarized backscatter
(β‖) (Equation 1). The depolarization ratio can be used to differentiate between
spherical and non-spherical particles. A spherical particle will have a depolarization
ratio of zero and a non-spherical particle will have a depolarization ratio greater than
zero (Sassen 1991; Mishchenko et al. 1997). For example, the depolarization ratio
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has been used to distinguish ice crystals from water droplets (Nicolet et al. 2010;
Glen and Brooks 2014). Because of the additive nature of the optical properties,
the particle-by-particle data an be used to calculate the optical properties of an
ensemble. Using the CASPOL, concentration, size distribution, backscatter intensity,
and depolarization ratio can be determined.
δ =
β⊥
β‖
(2.1)
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3. DERIVING INFORMATION ON SURFACE CONDITIONS FROM COLUMN
AND VERTICALLY RESOLVED OBSERVATIONS RELEVANT TO AIR
QUALITY (DISCOVER-AQ)
In the fall of 2013, the Cloud and Aerosol Spectrometer with Polarization
(CASPOL) was operated as a part of NASA’s Deriving Information on Surface
conditions from CO lumn and VERtically resolved observations relevant to Air Quality
(DISCOVER-AQ) in Houston, Texas. DISCOVER-AQ is a five year field campaign
that is organized by NASA. So far, the field campaign has occurred in the Baltimore-
Washington Corridor, the Houston, Texas metropolitan area, and Colorado. The
mission of the DISCOVER-AQ field campaign is to use in-situ measurements of
gaseous constituents and particulate matter as well as aircraft and ground based
lidars to improve the remote sensing abilities of air pollution. The following section
discusses the data collected by the CASPOL and the development of a new air quality
monitoring and forecasting tool. By using the particle-by-particle optical property
data that the CASPOL measures, a scattering signature can be produced. With
this scattering signature, aerosol sources and types can be determined, and these
scattering signatures could potentially be used as an air quality monitoring and
forecasting tool for near real time identification of aerosol source and type.
3.1 Moody Tower
The Houston segment of DISCOVER-AQ was the first field deployment of the
CASPOL since being designed and built by DMT. From August 28 through October
4, 2013, the CASPOL was located on top of the Moody Tower. The Moody Tower is
located at 29.7176◦ N, -95.3414◦ W, which is approximately four kilometers south
of downtown Houston, Texas. The inlet was located on top of the building which is
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approximately 70 meters tall. The height of the tower is low enough that the aerosols
being sampled are representative of the aerosols at the surface, but tall enough so
that any intermittent point sources will not interfere with the measurements. The
inlet was specially designed to rotate so that it always points into the wind. The inlet
was connected to a 1.5 meter long heated pipe, to better control the conditions of the
flow, (Quinn et al. 1998) by a 3
4
inch outer diameter piece of non-conductive tubing
that was 2.5 meters long. A dump line with a flow rate of 10 L Min−1 was teed off at
the end of the inlet line. The CASPOL was connected to the tee with the dump line,
and behind the CASPOL was a thermocouple, relative humidity meter, HEPA filter,
another thermocouple and then another relative humidity meter as seen in Figure 3.1.
A photograph of the CASPOL setup on top of the Moody Tower is shown in Figure
3.2. Other measurements taken concurrently at the Moody Tower include O3, CO,
NO, NOx, NOy, SO2 concentrations, and basic meteorological parameters collected
by Dr. Barry Lefer and Dr. Lennart Johnsson of the University of Houston, and a
seven channel aethelometer and PM2.5 and TSP filter samplers were operated by Dr.
Rebecca Sheesly of Baylor University.
11
Figure 3.1: A schematic of the experimental setup of the CASPOL during DISCOVER-
AQ on top of the Moody Tower.
12
Figure 3.2: Photograph of the CASPOL setup on top of the Moody Tower.
13
3.2 Size and Volume Distributions and Mass Concentrations of Urban Aerosols
Using the CASPOL, we were able to calculate number and volume distributions
and were able to estimate the mass concentrations of the Houston aerosols. As
seen in Figure 3.3, the total number distribution of each flow regime is shown. The
distributions are about what would be expected, with the peak of the distribution in
the sub-micron size range and the slope decreasing towards larger sizes. All three
flow regimes have similar number distributions and cannot be distinguished from
each other off only the number distribution. Volume distribution of the three flow
regimes is seen in Figure 3.4. The volume distributions have the usual primary peak
at sub-micron sizes as expected, and the beginnings of a secondary peak at larger sizes
(5 µm and up) was also captured. There are some unexpected peaks such as the peak
in the Ship Channel at approximately 1 µm. However, there is still not much different
between the cases to distinguish them using only their volume distributions either.
Thus the optical properties must be observed in order to potentially differentiate the
cases.
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Particulate matter is monitored throughout the United States by the EPA in
terms of a mass concentration in micro-grams per cubic meter (µg m−3). Using the
CASPOL, a mass concentration of aerosols can be estimated. It is important to note
that the mass concentrations derived from the CASPOL data are only an estimate
of the mass concentrations as the CASPOL only measures optical water equivalent
diameter and not the aerodynamic diameter. Also the CASPOL does not measure
the mass of the particle, and thus a particle density must be assumed. To calculate
PM2.5 we summed up the CASPOL size bins from 0.5 to 2.5 µm, and for PM10 we
summed up the size bins from 0.5 to 10.2 µm because the CASPOL does not have a
10 µm size bin. Then we created volume distributions for both PM2.5 and PM10. To
convert volume to mass, we used the density of dust, 1.71 g cm−3, and of water, 1.0
g cm−3 to represent the upper and lower boundaries of the density (Smettem 2006;
Hiranuma et al. 2011). Daily averaged PM2.5 mass concentration for the month of
September 2013 is seen in the top panel of Figure 3.5, and in the bottom panel of
Figure 3.5 the daily averaged PM10 mass concentration for the month of September
2013 is shown. The red bar at 35 µg/m−3 is the EPA maximum 24 hour average limit
of PM2.5. It is only violated three times according to the CASPOL’s estimations.
The PM10 daily limit is not plotted because the mass concentrations are never near
the limit of 150 µg/m−3. There is only a slight difference between the PM2.5 and
PM10 mass concentrations which implies that the majority of the particles sampled
are 2.5 µm and smaller.
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The Texas Commission for Environmental Quality (TCEQ) monitors particulate
matter at many of their monitoring sites. The TCEQ has numerous air quality
monitoring stations across the state of Texas. The Park Place TCEQ monitoring
site is the closest to the Moody Tower at approximately 5 km to the south east,
and the Deer Park TCEQ monitoring site is the furthest from Moody Tower at
approximately 20 km. The Clinton TCEQ monitoring site is in between the other
two at around 8 km. The locations of these monitoring sites are shown in Figure 3.6.
As seen in Figure 3.5, there is a steep and sudden drop off in both PM2.5 and PM10
concentrations around September 17, 2013. This sudden drop off can also be seen the
the TCEQ particulate matter data collected at the Clinton, Park Place, and Deer
Park monitoring sites (Figure 3.7). As seen in Figure 3.7, the mass concentration
begins to decrease on 09/16 then there is a primary peak ten days later on 09/26.
While in the CASPOL’s derived particulate matter plots (Figure 3.5), the mass
concentration starts to decrease on 09/17, and the second peak is completely missed.
The CASPOL’s estimation of mass concentration exceeds the PM2.5 daily limit three
times, while the mass concentrations from the TCEQ monitoring sites never exceed
the EPA’s limits. It is important to remember that the CASPOL can only estimate
mass concentration as it does not measure the mass of the particle, and it measures
the water equivalent diameter and not the aerodynamic diameter. However, this only
explains why the CASPOL’s estimated mass concentrations are much higher than the
actual mass concentrations, and not as to why the CASPOL missed the second peak.
19
Figure 3.6: Locations of the Moody Tower, Clinton, Park Place, and Deer Park
TCEQ monitoring sites (map courtesy of Google Earth).
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To provide possible insight on the sudden drop off in mass concentration we turn
to meteorological data collected on top of the Moody Tower by the University of
Houston. Figure 3.8 shows the raw five minute average temperature, pressure, wind
speed, wind direction, precipitation, and relative humidity for the month of September,
2013. As seen from the rainfall graph in Figure 3.8, a storm occurred in area late in
the day on 09/16. Approximately one inch of rain fell in a relatively short period of
time. This storm coincides nicely with the start of the decrease in mass concentration
in the TCEQ data and in the CASPOL estimated mass concentration. Thus this
decrease in both the TCEQ mass concentration and CASPOL mass concentration
can be explained by the wet deposition process removing the majority of the particles.
However, after this storm, the CASPOL mass concentration never recovers. Rather,
it stays very low for the remainder of the month while the TCEQ mass concentrations
recover around ten days later. A frontal passage occurs on 09/21, and there is a
noticeable dip in the TCEQ mass concentrations on 09/21. This frontal passage can
be seen in the meteorological data plotted in Figure 3.8, as the temperature and
pressure sharply decrease, and there is rain fall in the same time period. After this
frontal passage, the winds remained out of the east, north, and the north east for
approximately one week. At the beginning of the project, the winds were from the
south. Through the middle of the project, the winds were mostly from the south east.
The winds had not blown from the northerly directions for as long of a time period,
and could be a factor in why the CASPOL’s mass concentrations never recovered.
However, the winds returned to a more south easterly flow during the last four days
of the project. Other possible factors are that the Clinton, Park Place, and Deer Park
TCEQ monitoring sites are all only ten meters above ground level, and are located
in close proximity to busy road ways or industrialized areas, while the CASPOL
is mounted nearly 70 meters above ground level, 1 km from any major highway
22
and in a more residential area. There is also the possibility that moisture entered
the inlet line either by condensation or precipitation that was drawn into the inlet.
Mass concentrations can be estimated by the CASPOL, but it must be used only
as an estimator and not for any regulatory purposes, as location and meteorological
conditions can have a large impact on the measurements.
3.3 Potential Aerosol Sources
Air masses over the Moody Tower are likely to experience four major aerosol
sources. The Ship Channel source, which is a heavily industrialized area on the
east side of Houston. The Urban source, which consists of the urban center of
Houston. The Ocean source, which consist of transported aerosols from the Gulf of
Mexico. Lastly the Rural source, which consists of transported aerosols from the west.
Conveniently, these sources come from four different wind directions relative to the
Moody Tower. Aerosol flow regimes were determined using the NOAA, Atmospheric
Resources Laboratories Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Hess 1997, 1998; Draxler et al. 1999) to create five
day back trajectories with six hour intervals using Global Data Assimilation (GDAS)
model data with 0.5 degree resolution (Figure 3.9). The regimes were determined
by the angle at which the wind was coming into the measurement site using the
HYSPLIT back trajectories. If the back trajectories show the wind coming from 45◦
to 135◦ the source is the ship channel; 135◦ - 225◦ the ocean; 225◦ - 315◦ rural; 315◦
to 45◦ urban (Figure 3.10). If rainfall amounts exceeded half an inch in the six hours
before or during the case, the case was discarded due to the likelihood of the majority
of particles being removed via the wet deposition process. In total, five ship channel
cases, three urban cases, and two ocean cases were eligible to be used for further
analysis of the scattering properties.
23
Models often poorly characterize the winds in the boundary layer in urban areas
due to the increased surface roughness. To check the validity of the cases determined
by the HYSPLIT back trajectories, the five minute average wind direction, which
measured on top of the Moody Tower, was compared to the HYSPLIT output. Figure
3.9 illustrates the HYSPLIT output for the Ship Channel 0918 case, and Figure 3.11
shows the five minute average wind direction for the Ship Channel 0918 case. The
HYSPLIT shows that the surface winds (red line and triangles) are from the south
east at approximately 135 ◦ at the Moody Tower. The five minute averaged wind
direction for the entire case is not always less than 135 ◦ cutoff angle for the Ship
Channel case. However, for the majority of the time, the direction is never more than
ten degrees away from the cutoff, and the average for the time period is 125 ◦, well
below the maximum angle allowed. Thus, the use of the HYSPLIT back trajectories
for determining the aerosol flow cases is valid. The remainder of the cases are similar
to the previous one where the five minute average wind direction is usually within
ten degrees of the angle the HYSPLIT back trajectory shows.
24
Figure 3.8: Meteorological data collected on top of the Moody Tower during the
month of September, 2013.
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Figure 3.9: Example of a five day HYSPLIT model back trajectory showing a Ship
Channel flow regime from the Ship Channel 0918 case.
Figure 3.10: A map of the Houston metropolitan area showing the four sources and
the direction they came from (Map courtesy of Google Earth).
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Figure 3.11: The five minute average wind direction for the Ship Channel 0918 case
(top), an example of a back trajectory from the HYSPLIT model (bottom).
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3.4 Optical Properties of Urban Aerosols
The average backscatter intensity and the depolarization ratio as a function of
particle diameter have been shown for the average of ensemble of cases for each
source region (Figure 3.12). The bars represent one slandered deviation above and
below the mean. The backscatter intensity gives an insight into the size and shape
of a particle, and the depolarization ratio gives insight into whether a particle is
spherical or non-spherical. A particle with a depolarization ratio of zero is spherical,
and a particle with a depolarization ratio greater zero is non-spherical. As can be
seen in Figure 3.12A, the backscatter intensity generally increases as size increases
for all three cases. It is very similar for all three cases in the smaller sizes below 2
µm. At 2 µm, the Urban case has a slightly higher backscatter intensity. However,
the standard deviations overlap at all particles diameter. Figure 3.12B shows that
the Ocean case is more depolarizing than the other two cases followed by the Ship
Channel which is more depolarizing than the Urban case. The depolarization ratio
for all cases approaches zero between 0.7 and 1 µm. This indicates that in that size
range a large portion of the particles were spherical. These spherical particles could
potentially be hygroscopic particles that have taken up water because of the high
relative humidities routinely experienced in Houston. For the sizes above 1 µm, the
particles are clearly non-spherical for all cases. Both the Ship Channel and Urban
cases contain much larger particles than the Ocean case. There is no real distinction
between the cases only using Figure 3.12; however, using a new scattering signature
technique developed by Glen and Brooks (2013) is used in an effort to distinguish the
cases from each other.
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The frequency of particles at a give backscatter intensity for the 2.5 – 3.0 µm
and the 7.2 – 7.9 µm size bins for the entire Ship Channel, Urban, and Ocean flow
regimes is shown in Figure 3.13. The colors represent a percentage of particles at a
particular backscatter intensity. As seen, the distribution of backscatter intensity for
all three regimes for both size bins is quite variable, ranging from 0 – 1200 a.u. The
Ocean case has the largest variance in both size bins, while the Urban case has the
least variance. The majority of the particles sampled have a backscatter intensity
located between 50 – 200 a.u. for the 2.5 – 3.0 µm size bin and between 0 – 250
for the 7.2 – 7.9 µm size bin. The large variance of backscatter intensity at a single
size bin indicates that there are many different particle shapes being sampled. Using
this backscatter distribution at a single size bin helps to illustrate the many different
particle shapes that were sampled.
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The new scattering signature technique was originally developed by Glen and
Brooks (2013). To create the scattering signatures, the backscatter intensity and
depolarization ratio are first discretized. Next, the frequency of particles that have
intersecting values are placed in each bin. The color of each bin indicates the
percentage of particles that have intersecting values. In Figure 3.14, the composite
scattering signatures of each flow regime is shown. The Ocean cases, seen in Figure
3.14A, have the strongest backscatter intensity, approaching 400, and is the most
depolarizing. The Ship Channel cases (Figure 3.14B) is slightly depolarizing but the
backscatter intensity is around half of the Ocean cases at around 210. The Urban
cases has an even lower backscattering intensity of 200 and is the least depolarizing
at approximately 0.1 (Figure 3.14C). Rules for classifying aerosols by source area
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using the scattering signature technique are shown in Table 3.1. By using this
scattering signature technique, the CASPOL can distinguish aerosol source regions in
the Houston area. The CASPOL’s ability to distinguish aerosol source shows that a
potential exists for the CASPOL to be a useful tool in air quality monitoring and
forecasting. However, it should be noted that these signatures of each regime are a
composite of several cases which span multiple hours. For the CASPOL to be effective
as an air quality monitoring and diagnostic tool, it must be able to distinguish aerosol
sources using scattering signatures created with a short time frame of data.
Backscatter Intensity vs. Depolarization Ratio
Ship Channel Urban Ocean
Shape Steep Curve Semi-Circle Shallow Curve
Depolarization Ratio <0.7 <0.1 <1.0
Backscatter Intensity (a.u.) <250 <200 <400
Maximum % of Particles 0.05 0.01 0.10
Table 3.1: Rules for using the scattering signatures to differentiate the Ship Channel,
Urban, and Ocean aerosol source locations.
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3.5 Optical Properties of Fresh and Aged Aerosols
It is known that ozone can interact with soot particles and change the hygro-
scopicity of the soot particle (Ma et al. 2013). This can cause the soot particle to
take up water at ambient relative humidities which changes the soot particles optical
properties. Volatile organic compounds (VOCs) are released by both biogenic and
anthropogenic processes and are a precursor to secondary organic aerosols (SOA).
VOCs can also condense onto PM2.5 and PM10 changing the optical properties of the
particles. Using aethelometer data from Dr. Rebecca Sheesly of Baylor University,
an elemental carbon to organic carbon ratio (OC/EC) can be determined. Elemen-
tal carbon (EC) is freshly emitted black carbon, and organic carbon (OC) is any
other carbonaceous particle including aged black carbon. The OC/EC ratio gives
us information as to whether the aerosols are fresh and directly emitted, if particles
have undergone some form of coating, or if they were formed via gas-to-particle
partitioning. Using OC/EC ratios and O3 concentration, from the University of
Houston, we have determined if aerosols are fresh or aged in each case and examined
the optical properties. Because soot is such a major component of the total aerosol
load in urban areas, it is important to better understand the optical properties of
both aged and fresh soot particles.
Table 3.2 shows the individual cases, the start date and time, end date and time,
O3 concentration, OC/EC ratio, and an estimation of whether the aerosols are fresh,
aged, or some intermediate value. An estimation of the aerosols age was determined
using the O3 concentration and OC/EC ratios. O3 concentrations were classified
into three ranges: high, ranging from 0 – 33 ppbv; medium, ranging from 33 – 66
ppbv; and low, ranging from 66 – 100 ppbv. OC/EC ratios were classified into two
groups, high (above 10), and low (below 10). Po¨schl et al. (2001) found that under
34
standard atmospheric conditions soot will age with an O3 concentration of 30 ppbv,
and Schurath and Naumann (1998) found that O3 concentrations of 100 ppbv can
oxidize soot. A normal OC/EC ratio for an urban area is around 6 (Seinfeld and
Pandis 2006). Generally if the O3 concentration was low and the OC/EC ratio was
low (below 10), than the aerosols were assumed to be fresh. If the O3 concentration
was high and the OC/EC ratio was high as well (above 10), than the aerosols were
assumed to be aged. For any other OC/EC ratio and O3 concentrations, the age was
assumed to be partially aged.
A comparison of the average backscatter intensity and the depolarization ratio
as a function of particle diameter between a fresh aerosol case (Ship Channel 0923),
partially aged aerosol case (Ship Channel 0911), and an aged aerosol case (Ship
Channel 0914) is shown in Figure 3.15. As seen, the fresh case backscatters more
light and has a higher depolarization ratio than the partially aged and aged cases.
Interestingly, the partially aged case is has a lower backscatter intensity and is less
depolarizing than both the fresh and aged cases. The scattering signatures of the
fresh and aged aerosols are not very different from each other (Figure 3.16). The aged
case is has a slightly higher backscattering intensity and is more depolarizing than the
fresh case, and the aged case is somewhat bimodal compared to the fresh case. The
partially aged case has a similar backscatter intensity as the other two, but is much
more depolarizing than the fresh and aged cases. The optical properties of estimated
fresh, partially aged, and aged cases of aerosols seem to be very similar. However,
the scattering signature of partially aged aerosol case is much more depolarizing than
the other two cases. More research should be done to further our knowledge of the
optical properties of aged aerosols.
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Figure 3.15: The average backscatter intensity (A) and the depolarization ratio (B)
as a function of particle diameter for fresh aerosols from the 09/24 Ship Channel case,
partially aged aerosols from the 09/11 Ship Channel case, and aged aerosols from the
09/13 Ship Channel Case.
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Figure 3.16: The scattering signatures of the fresh aerosol case (A), the aged aerosol
case (B), and the partially aged aerosol case (C).
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3.6 A New Potential Technique in Aerosol Monitoring
To determine the feasibility of using the CASPOL as an air quality monitor and a
short-term air quality monitoring and diagnostic tool, scattering signatures were made
using one and eight hours of data for each case. The average number concentration of
all the cases was calculated to determine the number of particles that the CASPOL
might sample in one and eight hours. Using the average number concentration of 94.8
L−1 and the standard CASPOL flow rate of 1.2 L Min−1, the number of particles
that the CASPOL might sample in one hour is approximately 7,000, and the number
of particles that might be sampled in eight hours is approximately 55,000. Scattering
signatures were then created for each case using only 7,000 particles for one hour of
data and 55,000 particles for eight hours of data. The scattering signatures for one
hour of data are shown in Figure 3.17. With a number concentration of 94.8 L−1, one
hour of data is not enough to recreate scattering signatures that are representative of
the original cases. With eight hours of data, the recreated scattering signatures are
distinguishable from the originals. There are some differences between the scattering
signatures using the full data sets (Figure 3.14) and the scattering signatures created
using eight hours of data (Figure 3.18). The scattering signatures created using eight
hours of data from each case (Figure 3.18) closely follow the scattering signature rules
defined in Table 3.1 in section 3.4 of this manuscript. Even though the estimated one
hour of data is not enough data for the CASPOL to recreate scattering signatures of
aerosol source regions, the CASPOL can still be used as an air quality monitor and as
a short term air quality forecasting tool because the estimated eight hours of data is
enough to reliably determine aerosol source regions. Eight hours is a useful amount of
time for air quality monitoring because the US EPA uses eight hour average limits for
many critical pollutants. It is also important to note that the number concentration
39
used in these calculations seems low because it is the average of all the cases, which
span many hours and conditions. With a higher number concentration, the CASPOL
would need less time to recreate the aerosol source scattering signature accurately.
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Figure 3.17: The scattering signatures for the estimate of one hour of data for the
Ocean (A), Ship Channel (B), and Urban (C) cases.
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Figure 3.18: The scattering signatures for the estimate of eight hours of data for the
total Ocean (A), Ship Channel (B), and Urban (C) cases.
42
3.7 Further Analysis of the New Potential Technique in Aerosol Monitoring
To continue examining the CASPOL’s ability to be used as a short-term air quality
monitoring and forecasting tool, the backscatter intensity over time was plotted for a
case in the Ship Channel, Ocean, and Urban flow regimes. Then the time series of
the total backscatter intensity was examined for any unusual or large peaks. Table
3.3 contains the number of peaks found in each of the three cases, the number
concentration during the peak, and duration of the peak. The backscatter intensity
plotted over time for the Ship Channel 0918, Urban 0925, and the Ocean 0927 cases
are shown in Figure 3.19. Identified peaks are numbered and enclosed between the
bars. Next the optical properties for the abbreviated time periods were examined.
The average backscatter intensity and the depolarization ratio as a function of particle
diameter of the Ship Channel 0918 peaks (black symbols) are plotted against the full
Ship Channel 0918 case (red cross) in Figure 3.20. Both the backscatter intensity
and depolarization ratio are similar for both the peaks and the full Ship Channel
0918 case with the peaks being slightly more depolarizing and they have a slightly
larger backscatter intensity in sizes above 1.5 µm. The backscatter intensity and
the average depolarization ratio as a function of particle diameter are similar for
the other short term cases as well. Scattering signatures were created for each peak
identified. The scattering signatures for the first peak in the Ship Channel 0918,
Ocean 0927, and the Urban 0925 cases are shown in Figure 3.21. Interestingly, all
of the scattering signatures for the peaks are similar to the scattering signature for
each aerosol source. Using the rules for determining the aerosol source as defined in
section 3.4, Table 3.1 in this manuscript, the Ship Channel Peak 1 case follow all the
rules. However, the Urban Peak 1 case is more depolarizing than the rules allow, but
the case is in agreement with the other three rules, and the Ocean 0927 Peak 1 case
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is not as depolarizing as the rules state. Thus the majority of each cases scattering
data originates from a small amount of time.
An interesting thing to note is that these peaks all span a relatively short amount
of time. For example the first peak in the Ship Channel 0918 case is only approxi-
mately 2.75 hours in duration. However, this peak has a scattering signature that is
representative of the Ship Channel scattering signature. This is due to the fact that
the number concentration during this peak was 275.6 L−1. Earlier in this section,
scattering signatures were created using the average number concentration of all the
cases of 98.4 L−1, to simulate one hour of data. This number concentration proved to
be insufficient to recreate the scattering signatures with one hour of data. It has just
been shown, however, that if the number concentration is high enough (around 200
L−1 +), than the CASPOL can create a scattering signature that is representative of
the aerosol source with only a few hours of data. These results implicate that under
certain conditions the CASOPL can be an extremely useful air quality monitoring
and diagnostic tool used to identify aerosol source in near real time. This rapid
determination of aerosol source can lead to better responses by the public during
times of poor air quality due to particulate matter.
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Case Peak Number
Number Concentration
(L−1)
Duration
(Hours)
Ship Channel 0918 1 275.6 2.75
2 265.6 1.5
3 99.5 2.5
4 143.1 2.5
5 498.6 3
Urban 0925 1 85.4 0.75
2 36.6 0.75
3 17.4 0.25
Ocean 0927 1 43.3 1.5
2 348.9 1.25
3 267.0 1
Table 3.3: Case, number concentration, and duration of the peaks that were found in
the backscatter over time from the Ship Channel 0918, Urban 0925, and Ocean 0927
cases.
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Figure 3.19: The total backscatter intensity over time, in seconds from midnight, for
the Ship Channel 0918 case. The area enclosed in the red bars from 9.0 x 104 - 1.0 x
105 is the peak in total backscatter intensity that was used in the Ship Channel 0918
short case.
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Figure 3.20: The backscatter intensity (A) and the depolarization ratio (B) as a
function of particle diameter for the full Ship Channel 0918 case (red) and the five
short peaks found in the backscatter intensity in the 0918 Ship Channel case.
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Figure 3.21: The scattering signatures for the first peak in the backscatter intensity
over time plots for the Ship Channel 0918, Ocean 0927, and the Urban 0925 cases.
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4. AN ANALYSIS OF HOW SOOT AFFECTS THE CLIMATE DIRECTLY AND
INDIRECTLY
4.1 Optical Properties of Soot
Optical properties of freshly emitted soot were studied by generating soot in our
laboratory at Texas A&M University, and using the CASPOL. A modified Santoro-
type laminar diffusion burner (Santoro et al. 1983) was used to generate soot particles
by the incomplete combustion of propane - compressed air mixture. The propane
flow rate was approximately 0.75 mL min−1, and the compressed air flow rate was
∼1.7 L min−1. On top of the burner, a glass chimney was placed on top of the burner
to protect the flame and the particle flow from being influenced by the ambient air.
The flame was maintained at approximately three to four inches in height, and ∼3.5
inches above the top of the flame was the aerosol inlet. The flow into the inlet was
1.2 L min−1, the standard flow rate of the CASPOL. A schematic of the experimental
soot generation and optical properties measurement setup is shown in Figure 4.1.
Figure 4.1: A schematic of the experimental setup used to generate fresh soot particles
and measuring their optical properties using the CASPOL
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The optical properties of freshly emitted soot that were generated in our laboratory
are seen in Figure 4.2. As seen in Figure 4.2A, the backscatter intensity as a function
of particle size, greatly increases for sizes from 0.6 – 1.0 µm. After 1.0 µm, the
backscatter intensity decreases greatly. There is an exception to this however. The
first soot sample (Soot 1), sampled on 06/23, has a fairly consistent backscatter
intensity at all sizes which is generally less than the other soot samples. In Figure
4.2B, the depolarization ratio as a function of particle diameter is shown. The first
soot sample (Soot 1) and the fourth soot sample (Soot 4), sampled on 07/09, have
very similar increases in depolarization ratio until approximately 1.5 µm. After 1.5
µm, the depolarization ratio decreases to almost zero for most of the larger sizes.
The first soot sample (Soot 1) has very low depolarization ratio for sizes up to 2.5
µm where the depolarization ratio increases suddenly. The third soot sample (Soot
3), collected on 06/30, has very low depolarization ratios for all sizes. Three of the
four samples of freshly emitted soot particles have very similar backscatter intensities.
However only two out of four of the soot samples have similar depolarization ratios.
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Figure 4.2: The backscatter intensity (A) and depolarization ratio (B) as a function
of particle diameter for four different samples of freshly generated soot.
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Scattering signatures for each of the soot samples were created (Figure 4.3). As
seen in Figure 4.3, there is large variability between each soot sample. Soot samples
2 and 4 are very similar in shape with the fourth sample having a higher backscatter
intensity. There are very few particles in the first soot sample. An outline similar
to the shapes of the second and fourth samples is visible in the third soot sample.
However, the third sample has much less particles. In all of the soot samples, there are
large amounts of particles with depolarization values of zero. This indicates that there
were spherical particles in the sample. It is well known that soot is not spherical at all.
Thus these spherical particles must be droplets formed from condensation occurring in
the line. The variation of backscatter intensity at depolarization ratio values greater
than zero between the four samples could potentially be caused by soot conglomerating
and forming larger soot particles with odd chain-like structures. Unfortunately, the
soot samples scattering signatures are not similar to the Ship Channel, the Ocean, or
the Urban scattering signatures which were previously examined in this manuscript.
Thus one could reasonably conclude that soot that was sampled in-situ in Houston
are mostly aged, not freshly emitted.
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Figure 4.3: The scattering signatures for the four different samples of freshly emitted
soot generated in our laboratory.
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4.2 Optical Properties of Ice Nucleated onto Soot
Ice crystals are formed by two different mechanisms; homogeneous and heteroge-
neous nucleation (Vali 1999). Homogeneous nucleation occurs to an aqueous solution
droplet at temperatures below -40 ◦C. While heterogeneous nucleation requires an
aerosol, known as the ice nucleus (IN), to occur. Also, heterogeneous nucleation
occurs at temperatures warmer than approximately -36 ◦ (Isono 1955; Vali 1999).
Heterogeneous nucleation takes place via condensation, immersion, contact, and
deposition freezing. Condensation freezing occurs when water vapor condenses on
to the IN and then freezes, while immersion freezing occurs when the IN has been
enveloped by liquid water for some amount of time before the freezing begins (Fukuta
and Schaller 1982). For condensation and immersion freezing to occur, the air must
be above water saturation. Contact freezing occurs when an IN collides with a
supercooled water droplet, and deposition freezing occurs when water vapor deposits
on to the IN. The water saturation must be below zero, but the air must still be
saturated with respect to ice for deposition freezing to occur. A Continuous Flow
Diffusion Chamber was employed in conjunction with the CASPOL to gather insight
in to the optical properties of ice nucleated on to soot.
A Continuous Flow Diffusion Chamber (CFDC) was developed and constructed
in our laboratory at Texas A&M University (Glen 2013) and has been used in both
the laboratory (Glen and Brooks, 2014) and in the field (McFarquhar et al. 2011).
The Texas A&M University CFDC is similar in design and operation as the Colorado
State University CFDC (Rogers 1988, 1994). The CFDC consists of two concentric
copper tubes. Each tube is cooled to a different temperature, usually between -10
◦C and -50 ◦C. De-ionized water is pumped into the cooled chamber and allowed
to freeze to the walls. The aerosol sample flows into the chamber from the top
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surrounded by a sheath of filtered air such that the aerosol laden flow is directly in
the center of the saturation gradient. A diagram of the CFDC showing the aerosol
inlet, the recirculating sheath flow, the sliding plate that is used to evacuate and ice
the chamber, and the separate CASPOL plate that is used to connect the CASPOL
to the chamber is shown is Figure 4.4. Since the temperatures of each wall can be
controlled, the supersaturation can also be controlled. Thus the CFDC can be used
to measure the potential of an aerosol to act as an ice nucleus (IN). It can also be
used as an ice crystal generator, as it was in this study. All modes of freezing are
possible in the CFDC, except for contact freezing, as the flow is laminar which will
not allow for any collisions between particles and supercooled droplets. The CASPOL
was attached to the bottom of the CFDC by a specially designed plate to measure
the optical properties of ice nucleated onto freshly emitted soot particles.
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Figure 4.4: A schematic of the Continuous Flow Diffusion Chamber (CFDC) showing
the aerosol inlet and the recirculating sheath flow. To evacuate and ice the chamber,
a sliding plate is used to connect a water and air pump. A separate CASPOL plate
is used to connect the CASPOL to the CFDC for optical property measurements.
(Adapted from Glen 2013).
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The Texas A&M CFDC was used in conjunction with the CASPOL to measure
the optical properties of ice that has been nucleated on soot. Soot was generated
in a modified Santoro-type soot generator (Santoro et al. 1983), by the incomplete
combustion of propane. The soot flow passes through a desiccant dryer and to a
BGI 0.732 Sharp Cut Cyclone Impactor which removed particles larger than 1.5 µm.
Next, the particle flow went through a TSI 3080 Electrostatic Classifier to size select
the flow to 50, 100, or 200 nm in diameter. After, the poly-disperse flow entered a
mixing chamber and then flow went through a pre-cooler which was chilled to -13 ◦C
using a Polyscience Cooling Bath. Finally the flow enters the top of the CFDC where
the aerosol location temperature was held around -40 ◦C using two Thermo ULT
80 cooling baths. The supersaturation with respect to ice (SSI) was held between
100 and 275%, and the supersaturation with respect to water was between 30 and
130%. Thus it is safe to assume that all freezing was heterogeneous and occurred
via deposition and condensation freezing modes. A schematic of the experimental
laboratory setup is shown in Figure 4.5.
Figure 4.5: A schematic of the experimental setup of the study of the optical properties
of ice nucleated on soot particles using the Texas A&M University CFDC to generate
the ice crystals and the CASPOL to measure the optical properties of the crystals.
Optical properties of heterogeneous ice nucleated on two samples of freshly gen-
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erated soot particles are seen in Figure 4.6. For the first sample of ice on soot,
the electrostatic classifier was bypassed, so soot particle sizes were approximately
1.5 µm. For the second ice on soot sample, the soot passed through the cyclone
impactor and the electrostatic classifier, with soot sizes at 50, 100, and 200 nm. In
Figure 4.6, the average backscatter intensity and depolarization ratio are plotted as a
function of particle diameter for ice that was nucleated onto soot particles and freshly
generated soot. To eliminate any possibility of soot particles that did not have ice
nucleate on them, it was decided that only particles above 1.5 µm in diameter are
ice crystals, indicated by the red vertical line at approximately 1.5 µm. As can be
seen, the backscatter intensity is relatively constant between 1.5 and 8 µm, as is the
depolarization ratio. At diameters above 8 µm, the backscatter intensity increases
exponentially, while the depolarization ratio generally decreases. In the three size bins
above 1.5 µm where freshly generated soot was detected, are similar in backscatter
intensity to the ice nucleated on soot, but not similar at all to the depolarization
ratio. The two samples of ice crystals nucleated on to soot particles are very similar
in backscatter intensity and depolarization ratio. The decrease in depolarization ratio
for particles greater than 9 µm in diameter is intriguing. The size distribution for
both ice on soot samples is shown in Figure 4.7. In the first ice on soot sample, there
are few particles (∼10 or less) larger than 10 µm. However, in the second ice on soot
sample, there are many (greater than 50) particles up until the 30 µm size bin. Thus
the drop in depolarization ratio at particles with diameter greater than 9 µm is not
necessarily due to a lack of particles. It might potentially be caused by the shape the
ice forms on the soot particles.
Optical properties of ice on soot were compared to the optical properties of
heterogeneous ice nucleated on to four atmospherically relevant mineral dusts; Arizona
Test Dust (ATD), Hematite, White Quartz, and Zeolite (Glen and Brooks, 2014).
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The experimental setup is similar to the soot as ice nuclei experimental setup,
except a Topas Solid Aerosol Generator (SAG) 410 was used to create a poly-disperse
distribution of the four dusts, and the dusts were classified by an electrostatic classifier
to 200 nm as seen in the bottom of Figure 4.8. The average backscatter intensity
and depolarization ratio as a function of particle diameter for ice crystals nucleated
onto soot particles and onto four mineral dusts are seen in Figure 4.9. At all particle
diameters, the ice crystals nucleated onto soot particles have a higher backscatter
intensity than any of the ice crystals nucleated onto mineral dusts. All four mineral
dusts have low backscatter intensities until diameters above 10 µm where it. The ice
crystals nucleated onto soot are more depolarizing at particle diameters where all
particles are assumed to be ice crystals (¿ 1.5 µm). Also, there are ice crystals at
all diameters for the ice nucleated onto soot, and only out to around 10 µm for two
of the mineral dusts, ATD and white quartz. Using the CFDC, ice was able to be
nucleated onto freshly emitted soot particles. The CASPOL was able to distinguish
ice crystals that were nucleated onto dusts and ice crystals that were nucleated onto
soot particles by observing the crystals optical properties.
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Figure 4.6: The average backscatter intensity (A) and the depolarization ratio (B) as
a function of particle diameter for two samples of heterogeneous ice crystals nucleated
on to soot particles and freshly generated soot. The red bar indicates the size where
any particles larger than it are assumed to be entirely ice crystals.
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Figure 4.7: Size distributions of the first and second samples of heterogeneous ice
crystals with soot as the nucleus.
Figure 4.8: The experimental setup for the generation of homogeneous ice (Top), and
heterogeneously nucleated ice with mineral dusts as nuclei (Bottom). Adapted from
Glen and Brooks (2014).
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Figure 4.9: The average backscatter intensity (A) and the depolarization ratio (B) as
a function of particle diameter for heterogeneous ice crystals that were nucleated onto
freshly generated soot particles vs heterogeneous ice crystals that were generated
onto Arizona Test Dust (ATD), Hematite, White Quartz, and Zeolite mineral dusts.
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Optical properties of heterogeneous ice nucleated on to freshly generated soot
particles were also compared to the optical properties of homogeneously nucleated ice.
The homogeneous nucleated ice optical properties were measured by Glen and Brooks
(2014). Homogeneous ice was created by atomizing a solution of ammonium sulfate
(TSI 3076 Aerosol Generator). The flow of ammonium sulfate particles then flow
through a desiccant dryer to remove any excess moisture and enter a large mixing
chamber to dilute the concentration. Next, the flow enters the electrostatic classifier
and then the pre-cooler, another mixing chamber, and then the CFDC, as seen in the
top of Figure 4.8.
The average backscatter intensity and the average depolarization ratio as a function
of particle diameter is shown for heterogeneously nucleated ice with freshly generated
soot as the nuclei and homogeneously nucleated ice (Figure 4.10). As seen in Figure
4.10, the heterogeneously nucleated ice has a much higher backscatter intensity at
nearly all diameters, although we are only considering particles with diameters greater
1.5 µm as ice crystals for ice crystals with soot as the nucleus. The bars represent
plus/minus one standard deviation. According to the results from Glen and Brooks
(2014), homogeneous and heterogeneously nucleated ice can not be distinguished
from each other. The heterogeneously nucleated ice used in their study used four
atmospherically relevant mineral dusts as the nucleus. However, with soot as the
ice nucleus, heterogeneously nucleated ice can be distinguished from homogeneously
nucleated ice by examining their backscatter intensities. The depolarization ratios of
the heterogeneous and homogeneous ice can not be used in distinguishing the two,
because the bars, which represent plus/minus one slandered deviation are completely
overlapping.
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Figure 4.10: The average backscatter intensity (A) and the average depolarization
ratio (B) as a function of particle diameter for heterogeneously nucleated ice using
soot as the IN and homogeneously nucleated ice.
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The average backscatter intensity and depolarization ratio as a function of particle
diameter for each set of ice nuclei (soot) diameters, and supersaturation with respect
to ice (SSI) is shown in Figure 4.11. There were three ice nuclei sizes that were
selected using an electrostatic classifier, 50, 100, and 200 nm. The 50 nm soot size at
both SSI values of 118% and 264% have very similar backscatter intensities at all
ice crystal diameters. While the 50 nm at 118% SSI is slightly less depolarization
ratios. The 100 nm at a supersaturation value of 216 % and the 200 nm also have
similar backscatter intensities, and similar depolarization ratios are fairly similar at
all particle diameters that are being considered as ice crystals. Also, the 100 nm
and 200 nm initial ice nuclei diameter cases consists of much smaller ice crystals
than the 50 nm cases. This could be due to there being more potential ice nuclei
at the larger diameters, thus less water vapor would be available to grow larger ice
crystals. Optical properties of ice crystals appear to be dependent on the size of the
ice nucleus, and not affected by the SSI that occurred in this study.
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Figure 4.11: The backscatter intensity (A) and depolarization ratio (B) as a function
of particle size for each initial soot particle diameter and supersaturation ratio with
respect to ice.
Scattering signatures of two samples of heterogeneously nucleated ice with soot
as the nucleus and heterogeneously nucleated ice with mineral dusts as the nucleus,
and homogeneously nucleated ice are shown in Figure 4.12. The first ice nucleated
on soot has been size selected by the cyclone impactor (Heterogeneous - Soot 1),
and the second ice nucleated on soot sample is ice that was nucleated on to soot
particles that were size selected by the electrostatic classifier (Heterogeneous - Soot
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2). As seen, the first ice on soot example (ice on soot 1), and the second ice on soot
sample (ice on soot 2) are similar in shape. However, the second ice on soot sample
is more backscattering at all depolarization ratios. Both of these ice on soot samples
have scattering signatures that are not similar to the scattering signatures of freshly
emitted soot. The heterogeneous ice is low in backscattering intensity, less than 400
a.u., at all depolarization ratio values. The heterogeneous ice is relatively constant in
the backscatter intensity at all depolarization ratios. The homogeneous ice is also very
low in the backscatter intensity, less than 250 a.u. at all depolarization ratios. Unlike
the heterogeneous case, the majority of the particles are low in backscattering and
low in depolarization ratio. The scattering signatures can be used to distinguish ice
nucleated at freshly emitted soot particles, heterogeneously nucleated ice on mineral
dusts, and homogeneously nucleated ice.
The backscatter intensity distribution for the 2.5 – 3.0 µm and 7.2 – 7.9 µm is
shown for freshly generated soot, the first and second samples of heterogeneously
nucleated ice nucleated on soot particles, heterogeneously nucleated ice (nucleated
on mineral dusts), and homogeneously nucleated ice (Figure 4.13). As seen, the
backscatter intensity of soot is highly variable at both size bins, from 0 – approximately
2000 a.u. The first ice on soot sample has some variation in the backscatter intensity,
but the majority of the particles have a backscatter intensity between 150 – 500 a.u.
for both the 2.5 and 7.2 µm size bins. While the second sample of ice nucleated on soot
has a wide range of backscatter intensities, from 0 – approximately 2000 a.u. Also, the
second soot sample does not have a large number of particles at any centered around
a small range of backscatter intensities, unlike the first ice on soot sample. Both
the heterogeneous ice and the homogeneous have much smaller distributions in the
backscatter intensity than the two ice on soot samples and the soot. Heterogeneous
ice ranges from 0 – approximately 500 a.u. at both size bins, and the homogeneous
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ice ranges from 0 – approximately 900 a.u. The majority of the heterogeneous ice
crystals in the 2.5 µm size bin have a backscatter intensity of approximately 200 a.u.,
and no peak at the 7.2 µm size bin. While the homogeneous ice crystals are mostly
backscattering at approximately 150 a.u. in the 2.5 µm size bin, and between 100 and
200 a.u. in the 7.5 µm size bin. Soot and ice nucleated on soot can be distinguished
from each other by examining the frequency of backscatter intensity at a single size
bin. Ice on soot can also be distinguished from heterogeneously nucleated ice with
mineral dusts as nuclei, and homogeneously nucleated ice.
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Figure 4.12: The scattering signatures for two samples of heterogeneous ice nucleated
on freshly generated soot particles, heterogeneous ice nucleated on mineral dusts, and
homogeneous ice.
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Figure 4.13: The frequency of backscatter intensity for a single CASPOL size bin for
freshly generated soot, the first and second samples of heterogeneous ice nucleated
on freshly generated soot particles, heterogeneously nucleated ice on mineral dusts,
and homogeneously nucleated ice. Left panel is the 2.5 – 3.0 µm size bin, and the
right panel is the 7.2 – 7.9 µm size bin.
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5. CONCLUSIONS
The Cloud and Aerosol Spectrometer with Polarization (CASPOL), manufactured
by Droplet Measurement Technologies (DMT), is a unique optical properties instru-
ment. Two features of the CASPOL set it apart from other optical particle counters:
it measures the optical properties on a particle-by-particle basis, and with the addition
of a polarized backscatter detector, a depolarization ratio can be calculated. The
CASPOL has successfully been used to differentiate dust and ice nucleated on to
the dust (Glen and Brooks 2013; 2014). Urban areas are impacted by anthropogenic
and biologic aerosols. Soot is a major component of the aerosols in an urban area
consisting of up to 20% of the aerosol mass load. Being able to differentiate aerosol
source locations in near real time could be immensely useful in providing current and
short term air quality forecasts. Also, understanding the optical properties of soot, a
major component of urban aerosols, and how soot affects the climate indirectly is
important in reducing the uncertainty of the impact aerosols have on the climate.
The CASPOL is the ideal instrument to improve aerosol monitoring and forecasting
and further our knowledge of soot’s direct and indirect affects on climate.
The CASPOL, manufactured by DMT, was used for the first time to make
in-situ optical property measurements of aerosols in the field as part of NASA’s
Deriving Information on Surface conditions from CO lumn and VERtically resolved
observations relevant to Air Quality (DISCOVER-AQ) in Houston, Texas. Number
and volume distributions were measured by the CASPOL, and estimates of the PM2.5
and PM10 mass concentrations were obtained from the volume distributions. Mass
concentrations derived from the CASPOL aerosol optical property measurements
were similar in trend to the mass concentrations measured around the Houston, Texas
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area by the Texas Commission of Environmental Quality (TCEQ), with the exception
of a second peak that was completely missed by the CASPOL’s estimated mass
concentration. The CASPOL most likely missed this peak because of its location
on top of the Moody Tower, far away from any potential short term point sources,
while the TCEQ monitoring stations are at the surface and near major roadways.
There was also a potential for water to collect in some of the inlet tubing leading to
the CASPOL which could result in a lower mass concentration. Also, the CASPOL
estimated mass concentration was approximately two times larger than the measured
mass concentrations for the first half of the study. Thus the CASPOL should not be
used for regulatory monitoring of particulate matter mass concentrations.
Four potential large scale aerosol source locations that could be experienced at
the Moody Tower were determined. They were the Ship Channel, Urban, Rural,
and Ocean sources. Five day HYSPLIT back trajectories were used to identify
cases of each aerosol source. Ten cases were found in the data when HYSPLIT
back trajectories were consistent, indicating the wind direction was from one of the
four sources. These cases rang from six to thirty hours in length. Of the ten cases
identified, three were Urban cases, two Ocean, and five Ship Channel. No Rural
cases were identified. The cases in each source were averaged together, and were
not distinguishable by examining the average backscatter intensity or depolarization
ratio. However, using a scattering signature technique developed by Glen and Brooks
(2014), the three cases (Ship Channel, Ocean, Urban) could be distinguished from
each other, except for the rural case as there were none. Thus, the CASPOL can
distinguish aerosol sources. An estimation of aerosol age was made for each case using
O3 concentrations and OC/EC ratios. Some subtle differences between fresh and
aged aerosols were found in both the optical signatures and the raw optical properties.
Finally, average one and eight hour concentrations were calculated, and scattering
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signatures were created. One hour of data was not enough to distinguish the cases;
however, with eight hours of data, the cases are distinguishable. Backscatter over
time was plotted, and peaks were examined. These peaks were approximately one
half to three hours in length. It was found that if the number concentration is above
200 L−1, than the CASPOL can differentiate aerosol source with only a few hours
worth of data.
The CASPOL has successfully been used to determine aerosol source even with a
few hours of data. It can differentiate between aerosol sources by using the scattering
signature technique developed by Glen and Brooks (2013). The information gathered
by the CASPOL could be used to provide deterministic actions to the public to
take actions to protect health, such as staying indoors if the CASPOL shows that
particulate matter is from a certain source area. These results show that the CASPOL
can be used to type aerosols in near real time and that it can have an important
impact as an air quality monitoring and forecasting tool.
Soot is a major component of aerosols in urban areas, and has large direct and
indirect affects on the earth’s climate. Because of this, the optical properties of
freshly emitted soot and ice nucleated on to freshly emitted soot were studied. Fresh
soot was generated in out laboratory and sampled by the CASPOL. The optical
properties of the fresh soot were highly variable. At diameters up to 1 µm, three of
the soot samples had very similar backscatter intensities, and two soot samples had
similar depolarization ratios. However, at larger sizes both the backscatter intensity
and depolarization ratio are quite varied. The scattering signatures of fresh soot are
also rather varied. Three of the samples scatter signatures have the same general
shape, but with different maximum backscatter intensities and depolarization ratios.
The variability might potentially be caused to condensation forming in the inlet line
between the soot generator and the CASPOL. No real similarities existed between
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the soot scattering signatures or optical properties and the Houston cases. It can
be safely assumed that particles that were sampled in Houston by the CASPOL
consisted of many other types of aerosols as well as soot.
The CASPOL was connected to the Texas A&M University Continuous Flow
Diffusion Chamber (CFDC) to measure the optical properties of ice crystals nucleated
on freshly generated soot particles. We were successful in nucleating ice crystals
on fresh soot particles. Soot particles that were sized by the electrostatic classifier
and particles that were sized by the cyclone impactor had almost identical optical
properties. Soot and ice nucleated on to soot particles have very different optical
properties. The CASPOL can distinguish ice crystals that were nucleated on various
mineral dusts and ice crystals that were nucleated on soot particles by the backscatter
intensity alone. The optical properties of the ice crystals did not appear to be
dependent on supersaturations with respect to ice that were examined in this study.
However, the size of the ice crystal that nucleated on the soot particle did appear to
be dependent on the size of the ice nucleus. Soot particles that were 50 nm produced
the largest ice crystals up to 45 µm, while soot particles that were 100 and 200 nm
produced much smaller ice crystals, 10 µm and smaller. This could be caused by
more competition for water vapor in the CFDC due to an increase in the number
of particles at the larger sizes. Scattering signatures were unique for heterogeneous
ice with soot as the nucleus, heterogeneous ice with mineral dusts as the nucleus
and homogeneous ice. In disagreement with results from Glen and Brooks (2014),
heterogeneously nucleated ice with soot as the nucleus can be differentiated from
homogeneously nucleated ice. These results imply that remote sensing products could
be used to distinguish between soot from a volcanic eruption in the lower levels, and
the same soot at higher levels that has nucleated ice on to it, as well as distinguishing
ice crystals with soot as the nucleus from ice crystals with mineral dusts as the nucleus.
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Also, remote sensing products can potentially differentiate between heterogeneously
nucleated ice and homogeneously nucleated ice, which were once thought to have
similar optical properties. The CASPOL has exciting potential as an air quality
monitoring and forecasting tool, and as an instrument to improve our remote sensing
abilities.
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